Freshwater mussels (Unionida) are unique in that their larvae (glochidium, haustorium or lasidium) parasitize vertebrate hosts, with a given mussel species metamorphosing only on a limited array of host species (Wächtler, Mansur & Richter, 2001) . Collecting data on host fish identities is important for both conservation and commercial applications, but requires identification of single larvae to species level. This is most efficiently achieved by molecular species identification (White, McPheron & Stauffer, 1996; Kneeland & Rhymer, 2007 Boyer et al., 2011; Zieritz et al., 2012; Vannarattanarat et al., 2014) , because morphological identification of larval mussels is time-consuming and sometimes unreliable (Wiles, 1975; O'brien, Williams & Hoggarth, 2003) .
To date, a number of protocols have been used to extract PCRready DNA from single mussel larvae, but success rates have generally been unsatisfactory and commonly below 60% (Supplementary  Material Table S1 ). High success rates (>90%) have been obtained only in some cases where DNA was extracted using QIAamp ® DNA Mini Kit (Kneeland & Rhymer, 2007 or Qiagen ® DNeasy Kit (Boyer et al., 2011) , which cost about US$ 2-3 per sample, and require several hours of processing time, including an initial proteinase K digestion step. A much more time-and cost-efficient alternative is the hotshot technique, in which DNA is extracted by brief incubation in a lysis buffer at a high temperature (Kieleczawa, 2006) . This single-tube method does not require a digestion step, total processing time is <30 min and costs per sample are below 3 cents (Meeker et al., 2007) . Other advantages include minimizing contamination, maintaining quality of long-term preserved DNA extracts, and the vast increase of efficiency and ease of implementation for high-throughput molecular processes (Montero-Pau, Gómez & Muñoz, 2008) . Hotshot protocols have been shown to be highly reliable in extracting high-quality DNA from various small tissue samples, including zooplankton (Montero-Pau et al., 2008) , mites (Alasaad et al., 2008) , vertebrate faeces (Alasaad et al., 2012) and bacteria (Brewster & Paoli, 2013) . However, in the two instances where this technique has been applied to single glochidia, targeting the internal transcribed spacer-1 (ITS-1) region, success rates were only 63% (White et al., 1996) and 80% (Gerke & Tiedemann, 2001) , respectively (Supplementary Material Table S1 ).
The aim of the present study was to identify a hotshot protocol enabling cheap, fast and highly reliable extraction of DNA from singleglochidia for subsequent amplification of a range of widely used singlelocus (COI, 28S, H3) and multi-locus markers (inter-simple sequence repeat, ISSR). We tested nine hotshot protocols, and variations within these, on larvae of different sizes, morphologies and held under various storage conditions for different lengths of time. Mature glochidia were extracted from marsupia of live, gravid specimens of Hyriopsis bialata Simpson, 1900, Contradens contradens Lea, 1838 and Sinanodonta woodiana (Lea, 1834), which differ in the size and morphology of their glochidia (Supplementary Material Table S2 ).
In experiment 1, four previously published hotshot protocols, five newly designed hotshot protocols (Table 1 ) and the Qiagen DNeasy Kit were tested on two replicate sets of 1, 5 and 10 H. bialata glochidia, respectively, immediately after extraction from marsupia (referred to as 'fresh' samples). For DNA extraction by hotshot protocols, glochidia were transferred to 200-μl tubes using a micropipette, followed by addition of lysis buffer and incubation at 95°C (Table 1) . PCRs were carried out in 15-μl reactions containing 1 μl DNA solution, 1× PCR buffer, 2.5 mM MgCl 2 , 0.4 pmol/μl of ISSR-primers ((AG) 8 T or (TC) 8 RT) or 0.2 pmol/μl of each forward and reverse primers for gene-specific primers (COI: LCO1490 (Graf & Ó Foighil, 2000) and HCO700dy2 (Walker et al., 2006) ; 28S: D23F and D4RB (Park & Ó Foighil, 2000) ), respectively, 0.2 mM of each dNTP in mixture, 0.04 U/μl of Taq DNA polymerase and HPLC water. Incubations and PCRs were carried out in a PCR cycler (PTC-100 (MJ) research or Mastercyler Nexus (Eppendorf)): 94°C for 3 min; 35 cycles: 94°C for 30 s, 45°C (for ISSRs), 50°C (for 28S) or 60°C (for COI), respectively, for 45 s; 72°C for 30 s; 72°C for 5 min. PCR products were separated in 1.8% agarose gels and stained with ethidium bromide, including positive and negative controls. DNA extraction was considered successful when PCR band(s) were visible on the gel.
A 100% success rate was achieved in all replicates and single-locus primers tested using the Kit, HS3, HS4 and HS6 (Table 2 , Supplementary Material Fig. S1 ), with all other protocols performing poorly or not at all. The common attribute of these three bestperforming protocols is that NaOH was used to break the hydrogen bonds between the two DNA strands. The reason why NaOH-based protocols work particularly well for glochidia DNA extraction may be due to the fact that, besides denaturing the DNA into the singlestrand form, NaOH also dissolves all organic (proteinaceous) structures of the shell (Castilho, Machado & Reis, 1989) , thereby exposing the body of the animal to the medium and accelerating NaOHdigestion. HS3 and HS4 have previously been used to extract DNA from zebrafish and mice, respectively (Truett et al., 2000; Meeker et al., 2007) . HS6 is a novel hotshot protocol, which was developed in order to improve efficiency even further by combining addition of NaOH and Tris-EDTA buffer in a single step, with a minimal loss of quality of the extracted DNA.
Bands obtained with multi-locus markers (ISSRs) were-if present at all-often faint and diffuse (Supplementary Material Fig. S1 ). Distinct bands after PCR with multi-locus primers were exhibited only in glochidial DNA extracted by HS4 and amplified with (AG) 8 T primers. PCR with (TC) 8 RT primers resulted in only some very faint banding patterns for HS1, HS3, HS4 and HS6 (Supplementary Material Fig. S1 ). This is possibly caused by the presence of PCR inhibiting substances, which would be expected to be particularly problematic in multi-locus amplification. For application in multilocus PCRs, glochidial hotshot-samples therefore might require addition of BSA to the PCR mixture or DNA purification steps (Schrader et al., 2012) .
Based on the results of experiment 1, in the subsequent experiment 2, HS4 was selected for further testing of the protocol's performance in amplifying histone H3 from single C. contradens and S. woodiana glochidia stored under four different conditions: (1) 'fresh' samples were processed as in experiment 1 immediately after extraction from marsupia; for the other three treatments, samples were preserved in absolute ethanol (2) at -20°C for 1 week for 'cold-short' treatment; (3) at -20°C for 4 months for 'cold-long' treatment and (4) at room temperature for at least 12 months for 'room temperature-long' treatment. Two variations of the protocol and three DNA template volumes were tested. For each species and storage condition, DNA was extracted from six replicate, single glochidia. Two variations of Kit  100  100  100  100  100  100  100  100  100  100  100  100  100   HS1  50  50  50  0  100  100  100  100  0  0  100  0  54   H S 2  0  0  0  0  0  0  0  0  0  0  0  0  0   HS3  100  100  100  0  100  100  100  100  100  100  100  50  88   HS4  100  100  100  100  100  100  100  100  100  100  100  100  100   HS5  0  0  0  0  0  0  50  0  0  0  50  0  8   HS6  100  100  100  100  100  100  100  100  100  100  100  100 the protocol were tested. Three of the glochidia were treated as in experiment 1 and directly submerged in lysis buffer, except that microforceps rather than a micropipette was used to minimize transferral of ethanol from storage to lysis buffer (direct treatment); each of the other three glochidia was initially submerged in 10 μl absolute ethanol, which vaporized under laminar flow for 1 h, after which lysis buffer was added to each tube (ethanol treatment). PCR components and protocol were the same as above using primer pairs H3aF and H3aR (Colgan, Ponder & Eggler, 2000) and an annealing temperature of 55°C. Two replicate PCRs were run for each DNA extract and each of three DNA template volumes (i.e. 1, 2 or 3 μl). Differences in success rates of hotshot protocols between (1) glochidia held under different conditions and periods, (2) ethanol vs lysis treatment of glochidia, (3) different species of glochidia and (4) different volumes of DNA templates were statistically assessed through χ 2 -tests using R v. 3.4.1.
Success rate was 90% overall (260 successful out of 288 replicates) and did not differ between species (χ 2 = 0.040, df = 1, P = 0.8423) or treatments (χ 2 = 0.033, df = 1, P = 0.8555). Success rates differed significantly among glochidia held under different conditions (χ 2 = 21.204, df = 3, P < 0.0001) and was 100% for cold-short, 93% for cold-long, 90% for room temperature-long and 78% for fresh (Supplementary Material Table S3 ). Success rates also differed significantly for different DNA template volumes (χ 2 = 8.8615, df = 2, P = 0.0119). A template of 1 μl glochidial DNA generally worked best and resulted in a 100% success rate for all samples except for fresh samples, for which 2 μl template performed slightly better (Supplementary  Material Table S3 ). In addition, success rates for fresh samples also tended to be higher with direct treatment, while ethanol treatment tended to work better on stored material. We therefore recommended that, when handling glochidia samples for DNA extraction purposes for hotshot protocol, samples should either be immediately placed into absolute ethanol and stored at -20°C or colder, or processed fresh without a preceding ethanol-wash step.
Finally, selected histone H3 PCR amplicons were sequenced to confirm both the identity of the locus and that the correct species had been amplified. PCR products were obtained after amplification of single glochidia from S. woodiana and C. contradens held under coldlong condition and directly transferred to lysis buffer before extraction using HS4. Maternal sequences were obtained from DNA extracted using Macherey Nagel Nucleospin tissue kit from foot tissue snips of the respective mother animals preserved in absolute ethanol. PCR conditions were the same as above, using 1 μl DNA template. Sequences were generated by an external company (First BASE Laboratories Sdn Bhd, Selangor, Malaysia). In all cases, maternal and glochidial histone H3 sequences were identical (Genbank acc. nos MG865285-88).
The range of application of NaOH-based hotshot protocols for glochidial DNA extraction is wide, including degraded samples and most-if not all-freshwater mussel species. Histone H3 amplification was successful in all samples extracted with HS4, which had been stored in absolute ethanol at room temperature for >12 months (when using 1 μl DNA template in PCR, n = 24; Supplementary Material Table S3 ). In addition, no difference was observed in the performance of HS4 between glochidia of different sizes and morphologies. As most other freshwater mussel glochidia fall within the size ranges tested in the present study, apart from Margaritiferidae, which exhibit particularly small glochidia (Wächtler et al., 2001) , it is reasonable to expect similarly high PCR success rates for glochidia from other freshwater mussel species not tested here.
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